The aim of this study was to evaluate the effect of heat stress in in vitro conditions on the induction of heat-shock protein (Hsp)70 by Escherichia coli cells, and to determine the localization of Hsps in cell fractions. The material consisted of wild strains of E. coli isolated from the digestive tract of calves, suspended in an exponential-phase culture and subjected to 41.5 6C for 2 h. Individual fractions were analysed by SDS-PAGE and two-dimensional electrophoresis. Western blotting with mouse anti-Hsp70 and anti-Hsp60 mAbs was used to identify the proteins. Electrophoretic analysis of the heat-treated cells detected Hsp70 in all three fractions, cytoplasmic, periplasmic and membrane, which was confirmed by Western blotting. The proteins obtained had diverse localizations in the pH gradient in two-dimensional electrophoresis, which may indicate changes in their conformation and physical properties leading to stabilization and protection of intracellular structures in stress conditions. The presence of these Hsps in different cell fractions indicates a very strong protective adaptation in the bacteria in unfavourable conditions, which is critical for the organism infected by them.
INTRODUCTION
Heat-shock proteins (Hsps), also known as stress proteins, belong to a group of highly homologous polypeptides that are characteristic of both prokaryotic and eukaryotic cells. They are synthesized in response to shock induced by temperature, UV radiation, heavy metal ions and exposure to toxic or infectious agents. Depending on the genes encoding particular groups of proteins, GroEL-and DnaKdependent proteins can be distinguished (Del Re et al., 2006) . These have diverse functions in cells, including increasing resistance to external factors by stabilizing cytoplasmic structures. That the presence of Hsps in bacteria can enhance the pathogenic functions of microorganisms during infection has been documented for Hsp60 and Hsp70 (Jayaraman & Burne, 1995; Fleshner & Johnson, 2005) . Thus far, six families of these proteins have been identified, with different molecular masses: 110, 90, 70, 60 and 40 kDa, and a group of small proteins with molecular masses 18-30 kDa. Hsps isolated from different organisms are highly homologous at the levels of structure and amino acid sequence. The sequence of the DnaK proteins shares 50 % amino acid identity with eukaryotic proteins. The GroEL and DnaK proteins that occur in humans, which are bacterial homologues of Hsp60 and Hsp70, respectively, are particularly homologous to those in Escherichia coli. Both nomenclatures are still commonly used to refer to E. coli Hsp60 and Hsp70 (Tobian et al., 2004) . Hsps can occur in the cytoplasm (giving shape to proteins during the translation process and participating in the repair of deformations), cell nucleus and endoplasmic reticulum, where they take part in shaping protective proteins secreted by the cell. In E. coli, Hsps comprise the two main chaperone systems, which include about 15-20 % of all proteins at a temperature of 46 u C (Singh & Gupta, 2009 ).
In view of the important role of Hsps in prokaryotic cells in thermal stress conditions, the aim of this study was to evaluate the in vitro effect of a temperature of 41.5 u C, as occurs in calves with fever, on the induction of Hsp70 by E. coli cells.
METHODS
Sample preparation. The materials for the study consisted of three strains of E. coli isolated from the digestive tract of healthy calves. The strains were incubated in a broth culture for 4.5 h (exponential growth phase) and treated with a temperature of 41.5 uC for 2 h (heat stress). The control consisted of E. coli incubated at 38 uC, which is the normal temperature in cattle.
The cells were fractionated into cytoplasmic, periplasmic and membrane fractions (Skår et al., 2003; Guyot et al., 2010) . First an 18 h culture of E. coli in brain-heart infusion broth (Sigma) was incubated in a water bath at 37 uC to an OD 600 of 0.6. The cell suspension was centrifuged at 8000 g for 15 min and washed with Tris/NaCl buffer (pH 7.8). The cells were then suspended in 12 ml 50 mM Tris/HCl buffer (pH 7.8) with 30 % sucrose and 1 mM EDTA (Sigma), incubated for 15 min at room temperature and centrifuged at 8000 g for 30 min. The supernatant was removed and the cells were incubated in 40 ml ice-cold distilled water for 5 min and centrifuged at 8000 g for 30 min. The supernatant with the periplasmic fraction IP: 54.70.40.11
On: Fri, 15 Mar 2019 08:05:35 was frozen at 280 uC until analysis. The cells were suspended in Tris/ DNase buffer [Tris/HCl (pH 7.8), 10 % glycerol, 2 mM MgCl 2 , 0.2 mg DNase, 0.2 mg RNase (Fermentas)], subjected to ultrasound with a UD-20 disintegrator (Techpan) and centrifuged at 6000 g for 15 min. The supernatant was centrifuged twice, first at 6000 g for 15 min and then at 20 000 g for 2 h. The supernatant with the cytoplasmic fraction was dialysed against sterile distilled water for 12 h and frozen at 280 uC. The pellet with membrane proteins was suspended in 5 ml distilled water and frozen at 280 uC.
SDS-PAGE. SDS-PAGE analysis of fractions was carried out in a 5-10 % polyacrylamide gel gradient in standard Tris/glycine chamber buffer [0.025 M Tris/HCl (pH??), 0.129 M glycine, 0.1 % SDS] at 100 V in a Mini-Protean II apparatus (Bio-Rad) (Laemmli, 1970) . Broad Range (6.5-200 kDa; Bio-Rad) was used as a molecular mass standard.
Western blotting. Protein fractions in the cell lysates were identified using Western blotting with mouse anti-Hsp70 (LSBio) or anti-Hsp60 (Stressgen) mAbs. The protein fractions obtained in electrophoresis were transferred to a 0.2 mm nitrocellulose membrane (Bio-Rad) as described previously (Towbin et al., 1979) . The membranes were incubated for 1.5 h at room temperature in blocking buffer with 5 % non-fat milk and washed twice in TBST buffer (TBS with 0.05 % Tween 20, pH 7.5). The membranes were then incubated overnight in mouse anti-Hsp70 or anti-Hsp60 mAb at 4 uC. They were then washed with TBST and incubated for 60 min at room temperature with horseradish-peroxidase-conjugated mouse anti-IgG antibodies (Biokom). The membranes were stained using a colour development kit (Bio-Rad). Analysis was conducted using Quantity One software (Bio-Rad).
Two-dimensional (2D) electrophoresis. 2D electrophoresis was carried out as described in a previous study (Urban-Chmiel et al., 2009) . Capillary gels for 2D electrophoresis were prepared from a solution containing 2.75 g urea, 0.665 ml acrylamide monomer (28.38 g acrylamide, 1.62 g bis acrylamide, distilled H 2 O added to make 100 ml), 1 ml Triton X-100, 200 ml Bio-Lyte 5/17 ampholyte, 50 ml Bio-Lyte 3/10 ampholyte, 5 ml ammonium persulfate (Sigma) and 5 ml tetramethylethylenediamine (Sigma). Electrophoresis was performed in pH 5-7 and 3-10 gradients, using voltages of 200 V for 15 min, 300 V for 15 min and 400 V for 15 min. The capillaries were then filled with 5 ml of each sample suspended in loading buffer (9 % urea, 0.8 % Bio-Lyte 5/7 ampholyte, 0.2 % Bio-Lyte 3/10 ampholyte, 0.05 % bromophenol blue). Separation was performed at 500 V for 10 min and at 750 V for 3.5 h. Two chamber buffers were used in the separation: upper (10 mM H 3 PO 4 , distilled H 2 O added to make 2 l) and lower (10 mM NaOH, distilled H 2 O added to make 250 ml). The second-dimension separation was carried out by SDS-PAGE (4 % stacking and 10 % resolving acrylamide gel). The gels were stained with Coomassie blue and analysed using Quantity One 2000 software.
RESULTS
The SDS-PAGE electropherograms of the cells following 41.5 u C treatment showed the presence of 70 and 60 kDa proteins in all fractions: cytoplasmic, periplasmic and membrane. The strongest expression was observed in the membrane fraction, somewhat weaker expression in the cytoplasmic fraction and the weakest expression in the periplasmic fraction (Fig. 1) . The results show the presence of Hsps induced in E. coli in response to high temperature.
Identification of the proteins obtained showed positive reactions in all cell fractions. The strongest reaction with the mouse anti-Hsp70 mAb was observed in proteins from the cyto-and periplasmic cell fractions obtained in the heat-treated cells (Fig. 2a ). In the case of the cytoplasmic fraction in cells that were not subjected to high temperature, we also observed bands of 30, 20 and 15 kDa that were not detected in the remaining fractions. In the case of the mouse anti-Hsp60 mAb, slight positive reactions were observed in proteins from the peri-and cytoplasmic fractions. The bands obtained were localized at 46 and 55 kDa in all fractions of the heat-treated cells. In the control fractions, the presence of weak reactions in comparison with the cells subjected to heat shock was observed only in the case of the cytoplasmic fraction, while no bands were visible in the remaining fractions (Fig. 2b) . The Hsp70 fraction ( Fig. 2a) was missing from the non-treated membrane fraction, but appeared upon heat-shock treatment. In Fig. 2(b) , the Hsp60 fraction was not present in the cyto-and periplasmic material of the non-treated cells, but appeared upon heat-stress treatment (Fig. 2) .
Submitting the fractions to 2D electrophoresis revealed the presence of additional proteins in the form of spots in all fractions of the cells treated at 41.5 u C. In the cytoplasmic fraction, additional proteins occurred from 40 to 50 kDa in pH 6-9 gradient and at about 31 kDa in the pH 3.0 gradient (Fig. 3) . In the periplasmic fraction, additional proteins were present at 66, 50 and 45 kDa in the pH 8-10 gradient (Fig. 4) , while in the membrane fraction the molecular masses of the protein spots in the pH 9-10 gradient were 70 and 60 kDa (Fig. 5) . 
DISCUSSION
The results obtained in SDS-PAGE show the presence of Hsps induced in E. coli in response to high temperature as well as in control cells. The strongest reaction in Western blotting was observed in heat-treated cells. The presence of these proteins in stressed bacteria is beneficial for bacterial viability during stress conditions. It is also interesting that the membrane fraction contained more Hsps than the cytoplasmic and periplasmic fractions. These results could be an element of the cells' adaptation to unfavourable thermal conditions in the environment. The presence of Hsps in all of the cell fractions may indicate that these proteins have a multidomain structure, as suggested by other authors (Love & Hirsh, 1994; Skår et al., 2003) .
The positive reactions with anti-Hsp70 antibodies obtained in Western blotting may indicate a high degree of specificity in the E. coli proteins. In the case of the reactions with anti-Hsp60 antibodies, the 45 and 50 kDa bands observed in all fractions may indicate cross-reactions occurring due to the strong homology between Hsp60 and low-molecular-mass proteins or may result from the degradation of proteins of higher molecular mass, such as 60 kDa, which has been confirmed in other microorganisms (Lemos et al., 2000; Urban-Chmiel, 2006) . The fact that the strongest expression of Hsps occurred in the membrane fraction may suggest that this fraction is the target site of these proteins. The location of Hsps in different cell fractions may depend on many factors, both environmental and genetic, including the type of bacteria, Characterization of heat-shock proteins in E. coli the intensity of the stress reaction and the molecular mass of the protein produced, in addition to many other internal and external factors. It has been suggested that GroELdependent proteins occur most frequently in the cytoplasmic and membrane fractions of cells, while DnaKdependent proteins should be localized mainly to the cytoplasmic fraction, which was also confirmed by Goulhen et al. (1998) .
The adaptation of cells to unfavourable changes in environmental conditions resulting from heat stress is also confirmed by the presence of additional proteins appearing as spots in the cytoplasmic, periplasmic and membrane fractions on 2D electrophoresis. The presence of Hsps localized in different pH gradients in 2D electrophoresis indicates the activation of protective mechanisms in the cells, which are linked to changes in their physical properties. As other authors have suggested (Paju et al., 2000; Guyot et al., 2010) , a change in the localization of proteins in a particular gradient indicates a change in their conformation and physical properties, which leads to stabilization and protection of intracellular structures under stress conditions. The presence of temperatureinduced Hsps in bacteria can also be a factor increasing the virulence of a given pathogen.
To summarize, in response to stress conditions resulting from a temperature of 41.5 u C, E. coli bacteria produce Hsps, which occur mainly in the membrane fraction. This is presumed to be significantly linked to activation of the genes responsible for encoding these proteins. The positive reactions with anti-Hsp60 and anti-Hsp70 antibodies in 
